Introduction

▼
Pheochromocytomas (PCCs) and paragangliomas (PGLs) are rare highly vascular neuroendocrine tumors [ 1 , 2 ] . Pheochromocytomas arise from chromaffi n cells of the adrenal medulla and secrete catecholamines; approximately 10 % of these tumors can arise from the extra adrenal chromaffi n tissue and these are referred to as PGLs. PCC/PGLs are known to cause severe morbidity, attributed to the high burden of circulating catecholamines, and, in severe cases, can also result in death. The understanding of genetic determinants of these tumors has been gradually evolving since early 2000 s and a total of 12 genes are now known to be associated with hereditary PCC [ 3 ] . While 3 of these genes -VHL (von HippelLindau), NF1 (neurofi bromatosis), and RET (multiple endocrine neoplasia type 2, MEN2) -are susceptibility genes associated with syndromic disease, germline mutations involving the succinate dehydrogenase (SDH) complex subunit genes ( SDHA , SDHB , SDHC , SDHD ) and one of the cofactors of the complex ( SDHFA2 ) are also 
Determining the mutational status of susceptibility genes including RET , VHL , SDHx ( SDHB , SDHC , SDHD ) among patients with pheochromocytoma/ paraganglioma (PCC/PGL) is gaining importance. These genes have not been systematically characterized among patients with PCC/PGL from India. The aim of the work was to screen the most frequently mutated genes among patients with PCC/PGL to determine the frequency and spectrum of mutations seen in this region. Fifty patients with PCC/PGL treated at our tertiary care hospital between January 2010 and June 2012 were screened for mutations in susceptibility genes using an algorithmic approach. Thirtytwo percent (16/50) of patients were found to be positive for mutations including mutations among RET (n = 4), VHL (n = 6), SDHB (n = 3), and SDHD (n = 3) genes. None of these patients were positive for SDHC mutations. A signifi cant association was found between young patients with bilateral tumors and VHL mutations (p = 0.002). Two of the 3 patients with extra-adrenal SDHB associated tumors, had unique mutations, viz., c.436delT (exon 5) and c.788_857del (exon 8), one of which was malignant. High frequency of mutations seen among patients in this study emphasizes the need to consider mutational analysis among Indian patients with PCC/PGL. sporadic cases of PCC/PGLs [ 6 ] . However, the prevailing body of literature on PCC/PGLs indicates varying prevalence of mutations among unselected cases ranging from as low as 5.6 % as seen in a Swedish cohort to as high as 41 % in a recent report by Fishbein et al. [ 3 , 7 , 8 ] . Unfortunately, there have not been many studies from Asia that have systematically screened PCC/PGLs for mutations, though a Korean report with limited genetic testing indicates 13.2 % of PCC/PGLs do carry germline mutations [ 9 ] . The cost associated with screening such patients is fairly prohibitory and perhaps explains the lack of data from the region. However, the suggestion that an algorithmic approach [ 10 -15 ] that does not require the testing of all known susceptibility genes for each individual patient, but uses a step-wise approach to screening leading to cost reduction in testing, has opened new vistas for testing, even in a limited resource setting like India. Most studies from India have been limited to clinical and radiological fi nding in these patients and there is complete paucity of information with regard to genetic mutations. Therefore, consecutive cases of PCC/PGLs presenting over a 2½ year period at our tertiary care hospital were characterized for germline mutations using the algorithmic approach suggested by Benn et al. [ 10 ] . Our objective was to determine the frequency and spectrum of mutations in our hospital-based cohort using limited genetic testing to deduce mutations in the frequently mutated genes associated with PCC/PGLs. To the best of our knowledge, this is the fi rst report of germline mutational status among patients with PCC/PGL of Indian origin.
Patients and Methods
▼
Patients
Our institution is a large tertiary care referral hospital, receiving patients from all over India. All consecutive cases of PCC/PGLs presenting between Jan 2010 and June 2012 were included in this study. After approval from the institutional review board, a written consent for genetic testing was obtained from all patients. Fifty patients were recruited and screened for clinical features associated with VHL, MEN2, and NF1. These 50 patients also included 2 families with 3 patients each, one with a history of bilateral adrenal PCC [ 16 ] and the other with familial carotid body tumors [ 17 ] . One patient with multiple neurofi bromata was clinically diagnosed to have neurofi bromatosis (NF1) and genetic analysis was not performed.
Testing for susceptibility genes
Peripheral venous blood was collected from patients included in the study and 200 μl was used for extraction of genomic DNA using QIAamp DNA blood minikit (QIAGEN, Hilden Germany). The algorithm suggested by Benn et al. [ 10 ] was followed for genetic screening of these samples and this was carried out in a step-wise manner using 20 picomoles of sequencing primers that covered intron-exon boundaries for RET , VHL , SDHB , SDHD , and SDHC genes [ 18 -20 ] . If a sample was positive for a mutation, then the rest of the genes in the algorithm were not tested and therefore, all susceptibility genes were not tested for all cases. The reactions were carried out in a fi nal volume of 25 μl containing 1U of AmpliTaq Gold (Applied Biosystems, USA) and amplifi ed in a Veriti thermal cycler (Applied Biosystems, USA). The PCR products were detected using a 2 % agarose gel and both the sense and antisense strands for all exons characterized were sequenced using the ABI PRISM 3130 genetic analyzer with the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, USA). The sequences were compared to wild type sequences. Large deletions for VHL were screened as described previously [ 21 ] using a SYBR Green based real-time quantitative PCR (RQ-PCR) and normalized using 2 reference genes with a normal copy number, that is, ZNF80 (3q13.31) and GPR15 (3q12.1). Deletions in the SDHB gene were screened using a fl uorescent multiplex PCR gene dosage assay [ 22 ] that enables simultaneous amplifi cation of multiple exonic fragments under quantitative conditions. An additional fragment, from the ( ALB ) gene, was coamplifi ed as a control in each PCR. Data were analyzed using the GeneMapper software version 4.0 (Applied Biosystems) and each reaction was validated with positive and negative references. Immunohistochemical analysis using SDHB antibodies became available since late 2011 [ 23 ] , but samples were not triaged, despite the cost benefi ts it would off er since mutational analysis was being performed for the fi rst time at our center.
Statistical analysis
The descriptive statistics was reported using n ( %) for categorical variables and mean ± SD for continuous variables. Association between age and mutational status was assessed using Fisher's exact test.
Results
▼
The age of these patients ranged from 10-70 years (median 32.5 years). The duration of symptoms ranged from 15 days to 4 years (median 2 years). Interestingly, a 10-year-old child, son of a patient with PCC, also developed hypertension and was therefore screened early for PCC [ 11 ] . Most patients presented with headache, hypertension, abdominal-pain, and decreased vision ( • ▶ Table 1 ) while the classic symptoms of chest pain, sweating, and palpitation were uncommon. The smallest tumor measured 3 × 3 cm and the largest measured 15 × 11.4 × 9.2 cm. No correlation was seen between the size of the tumor and the biochemical profi le of these patients. Two of the tumors that were > 11 cm in size were associated with malignancy. Three patients from a single family had bilateral carotid body tumors and one of them in addition had multiple intra-abdominal PGLs. Five patients had metastatic tumors, one of which had spread to the omentum and one to the bone. Three patients with benign disease came back with recurrent tumors. The details of treatment for these patients are as follows: open surgery (n = 24), laparoscopic surgery (n = 20), carotid body excision (n = 3), and partial cystectomy (n = 1). One patient with extensive disease was treated with palliative chemotherapy and one refused surgery. Eight patients underwent surgeries at other centers before presenting to us. The results of mutational analysis and the spectrum of mutations seen in this cohort of PCC/PGLs from India are shown in • ▶ Table 2 . Thirty-two percent (n = 16) of all patients included in the study were positive for germline mutations in any one of the susceptibility genes being tested. These 16 included patients with RET (n = 4), VHL (n = 6), SDHB (n = 3), and SDHD (n = 3) mutations. None harbored SDHC mutations. While mutations seen in the RET [ 24 ] and VHL genes (www.lovd.nl) among the patients in this study have been described before, 2 unique mutations in the SDHB gene, viz. c.436delT (exon 5) and c.788_857del (exon 8), not previously described, were also seen. Both these novel variants were seen in patients with paraganglioma; the former also had metastatic disease. One case of a large deletion involving exon 7 of the SDHB gene was seen in a patient with a bladder tumor [ 17 ] . There were 9 patients with bilateral adrenal tumors, 7 (7/9) of whom were found to carry mutations in either the RET (n = 2) or the VHL (n = 5) genes ( • ▶ Table 2 ). A signifi cant association was found between young patients (< 22 years of age) with bilateral tumors and VHL mutations (p = 0.002). However, the mutation positivity among patients with unilateral adrenal tumors was low with only one of the 32 cases carrying a mutation. All 3 patients with SDHB mutations had extra-adrenal tumors, though only one of them was malignant. Among the 5 malignant cases only one was positive for an SDHB mutation, while the other 4 were negative for all susceptibility genes tested by the algorithmic approach. None of the patients with benign recurrent tumors were positive for mutations.
Discussion
▼
To the best of our knowledge, pheochromocytomas (PCCs) and paragangliomas (PGLs) in Indian patients have not been characterized for mutations in associated susceptibility genes resulting in paucity of information in this context. The data presented here helps to highlight the frequency and spectrum of mutations seen among PCC/PGL patients in our country. Of the 50 patients with PCC/PGL included in the study, 32 % harbored a germline mutation. The frequency of mutations reported worldwide has varied ranging from a mere 5 % to 41 % [ 3 , 5 ] , though most of these reports are from Europe and North America. There is very little information from Asia with a lone report from Korea showing a frequency of 13.2 % [ 9 ] . Therefore, the frequency reported here is of signifi cance since screening for susceptibility genes among PCC/PGLs is not a routine practice in this region and might help to overcome the lacunae in this area. As our hospital is a tertiary care referral center, receiving patients from all over the country, the frequency reported here could perhaps be extrapolated to the rest of the country. Though the percentage of patients with germline mutations was fairly high in this study (32 %) , it is important to note that most patients were classifi ed as aff ected with apparently sporadic PCC/PGL, until mutation analysis was performed. This affi rms the fact that patients who might not present with a family history could still be at risk of carrying these mutations and will certainly need to be screened. However, it is important to note that genetic screening in this study was limited to 6 genes that are commonly found to be mutated among PCC/PGLs and mutations with TMEM 127 , MAX , SDHA , SDHAF2 , KIF1Bβ , and PHD2 were not screened . But, studies characterizing these mutations have attributed very few cases [ 25 , 26 ] to such mutations and we believe that our results might not have altered signifi cantly even if these rare and uncommon mutations were screened among the patients in this study. Mutations in the VHL gene were the most frequent (n = 6) mutations seen in this study and were commoner among young patients with bilateral tumors (p = 0.002). Other studies have also described a similar genotype-phenotype association [ 1 , 3 , 27 , 28 ] . One patient with a VHL mutation in this cohort also had a pancreatic neuroendocrine tumor. A close follow-up of these cases with VHL mutations will help in the early detection of other tumors thereby reducing morbidity and mortality and will profoundly alter the management of these patients. The frequency of mutations in SDHD [ 22 , 29 ] and SDHB genes were similar (n = 3 in each) and all SDHB positive tumors, as is commonly known, were extra-adrenal in location [ 1 , 3 , 15 ] . However, only one of the SDHB positive tumors was malignant. While the cases in our cohort would require longer follow-up, a similar study from Sweden has also shown that even after a mean follow-up of 23.3 years, none of the tumors with SDHB mutations turned malignant [ 7 ] . Also, both the SDHB positive cases in this cohort with no malignancy had deletions, one with a unique deletion (c.788_857del, exon 8) that has not been described at other centers and the other had an exon 8 large deletion. Though these mutations might not be the singular genetic change aiding in malignant transformation [ 24 , 30 , 31 ] it would nevertheless be interesting to characterize these mutations by classical and bioinformatic approaches to determine if these molecular changes do impact the activity of SDHB protein and its interaction in various cellular pathways. Interestingly, only one of the 5 (20 %) cases of malignant PCC/ PGLs in this study were associated with SDHB mutations unlike other studies where ~ 50 % were SDHB positive [ 5 , 7 , 32 ] . These mutation negative samples in patients with underlying malignancy are ideal samples for targeted next generation sequencing (NGS) to identify mutations in the newly described susceptibility genes [ 33 ] . Rattenberry et al. [ 33 ] have reported that NGS based testing in their set up was not only comprehensive but also less expensive than Sanger sequencing and therefore in the long run this technology might prove to be a boon to patients even in developing countries. Early identifi cation of these mutations is important in order to monitor tumor recurrence, malignancy, and the development of additional tumors. The abovementioned benefi ts of screening taken along with the high percentage of mutations in this study, is a pointer to consider routine screening of all patients with PCC/PGL. However, in a developing country where most people lack medical insurance the cost of screening could become the single most prohibitive factor. Triaging with antibodies and a step-wise screening approach would perhaps be more feasible at this point in time [ 6 , 23 , 34 ] . Our study has several limitations including the use of an algorithmic approach based on phenotypic and clinical fi ndings, the small number of cases included in this cohort, not detecting all known mutations/minor mutations associated with PCC/PGLs and limited follow-up in some cases. Despite these drawbacks, this study highlights the frequency of mutations in India and focuses on the need to test for susceptibility genes even in a setting with limited resource. Finally, the data from this study will help in designing other prospective studies and can be of value in guiding genetic testing within the country.
